Abstract: Mechanical damage is a major factor limiting the long-term stability of solid oxide fuel cells (SOFCs). Here, the mechanical stability of planar SOFCs consisting of Ni-YSZ anode/YSZ electrolyte/LSM-YSZ cathode (Ni=Nickel, YSZ=yttria-stabilized zirconia, LSM=lanthanum strontium manganite) is analyzed by a structural mechanics model with composition dependent mechanical properties.
Introduction
Solid oxide fuel cell (SOFC) converts the chemical energy of fuel into electricity through an electrochemical process. Owing to its high operating temperature, SOFC is fuel flexible, e.g., CO or reformed hydrocarbon may be used as fuel directly. The fuel flexibility is extremely important in practice as fossil fuel will remain dominant in the next several decades [1] . Consequently, the SOFC technology is actively pursued worldwide. The high operating temperature, however, also severely limits the material choices and designs of SOFCs. There have been a large number of studies on the material development based on electrical conductivity, chemical/electrochemical activities, and stabilities. Studies on the mechanical stabilities of SOFC materials are, however, scarce. As the mechanical stability is critically important for the lifetime and commercialization of SOFCs, more studies are highly desirable [2] .
SOFCs may be classified into tubular, planar, monolithic, or microtubular designs [3] . Alternatively, they may be characterized as electrolyte-, anode-, or cathode-supported cells. The tubular design is often electrolyte-supported, while the planar and monolithic designs are mostly anode-supported. Regardless of the geometric features, Ni-YSZ anode, YSZ electrolyte, and LSM-YSZ cathode are the most commonly used material sets for SOFCs [4] . The thermal expansion coefficients (TECs) of the materials are different. Due to the TEC mismatch, thermal stress is inherent and may cause mechanical failure of SOFCs [5] . While degradations caused by electrochemical and chemical reactions are widely noticed, the intrinsic long-term instability due to thermal mismatch induced stress is rarely studied. In this work, the thermal stress distribution and mechanical failure probability of planar SOFC (pSOFC) with the material combination of Ni-YSZ anode, YSZ electrolyte, and LSM-YSZ cathode are analyzed in detail by a thermal mechanical model. The effects of temperature, Ni (LSM) content in the anode (cathode) and the thicknesses of the anode/electrolyte/cathode layers on the mechanical stress and failure probability are systematically examined. Unfavorable electrode compositions and layer thicknesses as well as operating conditions that are prone to cause mechanical failure are identified. Guidelines for designing high performance and long lifetime SOFCs are then proposed.
Computational Method
The mechanical stress distribution of pSOFC is determined by a structural mechanics model using a set of realistic material properties. The mechanical stress distribution is then used to compute the failure probability.
Structural Mechanics Model
According to the theory of elasticity, the stress and strain are related by
where σ, D, ξ el , and σ 0 are the stress tensor, the elasticity matrix, the elastic strain, and the initial stress or the residual stress, respectively. The total strain, ξ, is the sum of the elastic strain, ξ el , the thermal strain, ξ th , the creep strain, ξ cr , and the initial strain, ξ 0 .
The elastic matrix, D, for an isotropic material is defined as [6] 
where E is the Young's modulus and ν is the Poisson's ratio of the material
where G is the shear modulus of the material. The thermal strain is defined as,
where α is the TEC of the material and is temperature-dependent. T is the local temperature, and T f denotes the reference temperature with zero initial strain. Combining Equations (2) and (5), Equation (1) can be written as
That is, σ is strongly dependent on the thermal strain induced stress, αD(T − T f ). The mechanical properties of dense SOFC materials used here are shown in Table 1 . The boundary conditions for the determination of the stress distribution are the following: The anode-electrolyte-cathode assembly was assumed to be bonding-contacting and there was no slip among the components. No additional constraint or force was applied on the outer surface of the stack. Free deformation was set for the whole computational domain. Gravity is neglected in the stress analysis. The structural mechanics model is solved by the finite element commercial software ANSYS ® version 14.5 [7] . 
Effective Material Properties of Porous Composite Material
Mechanical properties of the dense composite electrodes are computed by the composite sphere method (CSM) [18] . The bulk and shear moduli of composite material are determined as
where K i (c) and G i (c) are, respectively, the bulk modulus and shear modulus of the material phase i (c for composite). ψ i is the volume fraction of each phase in the composite material. The results of Equations (6) and (7) depend on which material phase is chosen as the matrix or the impurity and the higher values are used [18] . The effective elastic and shear moduli of the porous electrode are calculated by the method of Ramakrishnan and Arunachalam [19] . Effective Young's modulus, shear modulus and Poisson's ratio are determined as
where ϕ is the porosity of the medium. Subscript 0 denotes the dense material phase. The effective TEC of the composite material, α, is calculated as [20] 
where the subscripts i and m denote the element and matrix phases, respectively. For example, Ni and YSZ are the elements in the Ni-YSZ composite anode, while YSZ is also the matrix. The effect of porosity on TEC is neglected as it is known to be very limited [21] . It is worthy of noting that the mechanical properties of porous composite materials are likely dependent on the grain sizes of the constituting materials. Due to a lack of widely accepted theory, the dependences of mechanical properties of cell components on the grain sizes of NiO/Ni/YSZ/LSM are neglected. Fortunately, the theoretical TECs thus determined for the Ni(O)-YSZ anode are in good agreement with experimental data, as to be seen below in the Result section.
It is noted that the anode was made of NiO-YSZ and the anode porosity changes when NiO is reduced to Ni. The relationship between the anode porosity and the fraction of reduced NiO is expressed as [11] 
Here ϕ, ρ, and
NiO are respectively the porosity, the density, and the weight fraction of NiO of the initial NiO/YSZ anode. r is the fraction of the reduced NiO. ρ Ni and ρ NiO are the density of Ni and NiO, and m O and m NiO are the atomic mass of oxygen and NiO.
Failure Probability Analysis
SOFCs consist of brittle ceramic components that exhibit statistical strength distributions. Mechanical failures such as crack and delamination may occur for a brittle material suffering a tensile stress. The Weibull approach [22] is used to estimate the mechanical failure probabilities of SOFC components. In the Weibull model, the failure probability, P f , of a ceramic material subjecting to a tensile principal stress distribution, σ ten , is calculated as
where σ 0 is the Weibull strength, m is the Weibull modulus, V 0 is the reference volume, and V is the volume of the cell component (anode, electrolyte, or cathode). Notice that only the tensile stress is considered in the Weibull analysis. A principal stress is tensile if σ i > 0, and the stress is compressive if σ i < 0. In Equation (13), σ ten = 0 is used where a compressive stress is encountered. A failure probability below 10 −6 is considered safe [23] and used as the failure criterion.
Crack and breakage of material may also occur for a component suffering compressive stress. The ratio of the maximum compressive stress to the compressive strength of the material is used as a supplement of the Weibull failure probability. Mechanical failure is likely to occur if the compressive strength ratio is larger than 1. A compressive strength ratio of 1 is used as the failure criterion.
For porous material, the Weibull strength is reduced in comparison with its dense phase. The Weibull strength for a porous media is calculated as
where ϕ is the porosity and b σ = 2.58 ± 0.34 [24] . The experimentally measured Weibull parameters for the SOFC materials used here are shown in Table 2 . 
Results and Discussion

Stress Distribution
The stress distribution is dependent on the mechanical properties and on the material compositions and layer thicknesses of pSOFC components. The relevant basic model parameters are shown in Table 3 . Unless explicitly stated otherwise, the parameters are assumed in all calculations. Moreover, it is noted that the stress free temperature is assumed to be 1073 K with NiO fully reduced into Ni, in accordance with a recent experimental analysis [28] . The stress-free temperature for the NiO-YSZ anode, however, is set at 1473 K due to the cell manufacturing process [29] . Besides, no shrinkage is considered for the reduced anode [11] . The maximum, middle, and minimum principal stresses of the anode-electrolyte-cathode assembly for the room temperature (RT) and the operating temperature (OT) of 973 K are shown in Figure 1 . The maximum absolute stresses for the anode, electrolyte, cathode at RT are 32.2, 532, and 30.3 MPa, respectively. The maximum stresses for the anode, electrolyte, cathode at OT are respectively 6.49, 78.4, and 8.27 MPa, much smaller than that at RT. The maximum stresses of the anode and electrolyte are found at the interface of anode and electrolyte. Notice that the anode suffers mainly tensile stress, while the electrolyte and cathode suffer mainly compressive stress. To avoid mechanical failure, the anode should have an adequate Weibull strength, while the electrolyte and the cathode are required to have high compressive strengths. 
Effects of Electrode Compositions on the Mechanical Stability of SOFC
The mechanical properties of the composite electrodes are dependent on the Ni and LSM volume fractions in the electrodes. The theoretical model described above in Section 2.2 is applied to compute TEC of the Ni-YSZ (NiO-SYZ) anode as a function of the Ni (NiO) volume fraction in the Ni-YSZ (NiO-YSZ) composite material. The theoretical results are compared with the experimental data [14] in Figure 2 . Due to the good theoretical and experimental agreement shown in Figure 2a Figure 2 are used to compute the stress distribution in the anode-electrolyte-cathode assembly varying with the electrode composition.
As shown in Figure 2 , the anode TEC changes with the Ni volume fraction. That is, the thermal mismatch of SOFC components and the resulting mechanical stresses vary with the Ni volume fraction. The effects of the Ni volume fraction on the mechanical stability of SOFC components are illustrated in Figure 3 . As shown in Figure 3 , all the anode failure probability and the compressive stress strength ratios of the electrolyte and the cathode increase with the increase of the volume fraction of Ni. The anode failure probability is the highest for the NiO-YSZ anode at RT but remains below the safe criterion of 10 −6 for all the Ni volume fractions examined. Similarly, the compressive stress strength ratio of the electrolyte is less than 1 for all the Ni volume fractions examined. The compressive stress strength ratio of the cathode is below 1 if the Ni volume fraction is less than 65%. As the Ni volume fraction is less than 50% in all practical applications, the cathode is mechanically safe. Notice that the results shown in Figure 3 are obtained based on the stress free temperature of 1073 K with the reduced anode, as illustrated experimentally. Without the reduction process, the stress free temperature would correspond to the sintering temperature that is typically higher than 1273 K. As a result, the anode failure probability is much higher than that shown in Figure 3 and the anode is mechanically safe only for a Ni volume fraction of less than 40% [29] . Clearly, the reduction process is very favorable for releasing the harmful residual stress.
As shown in Figure 2c , the cathode TEC is substantially affected by the LSM volume fraction. The effects of the LSM volume fraction on the mechanical stability of SOFC components are depicted in Figure 4 . Figure 4a shows that the anode failure probability is quite low for all LSM volume fractions. Similarly, the compressive stress strength ratio of the electrolyte is less than 1 for all the LSM volume fractions examined. As shown in Figure 4c , however, the compressive stress strength ratio of the cathode may be higher than 1 if the LSM volume fraction is less than 40%. Therefore, it is favorable to have an LSM volume fraction of above 45% in the LSM-YSZ cathode. It is known that an LSM volume fraction of around 50% is best for the electrochemical performance of the cathode, if the LSM and YSZ particles are of similar sizes [30] . Under the circumstance of similar LSM and YSZparticle sizes, it is recommended to have the LSM volume fraction in the range of 45-55%. 
Effects of Layer Thickness on the Mechanical Stability of SOFC
Considering the fact that the anode at the operating condition is at its reduced state, only the cases for the Ni-YSZ anode at OT and the NiO-YSZ anode at RT are considered below. The effects of the anode layer thickness on the mechanical stability of SOFC components are illustrated in Figure 5 . As naturally expectable, Figure 5a shows that the anode failure probability decreases with the increase of the anode layer thickness. Considering the criterion of 10 −6 for the failure probability, the anode is mechanically safe once its thickness is more than 0.3 mm, as seen in Figure 5a . The compressive stress strength ratio of the electrolyte at RT tends to increase with the anode layer thickness but remains well below 1 for all the anode layer thicknesses examined. Similarly, the compressive stress strength ratio of the cathode is less than 1 for all the cases studied. That is, both the electrolyte and the cathode are mechanically stable. The effects of the cathode layer thickness on the mechanical stability of SOFC components are illustrated in Figure 6 . Only the results for RT are shown in Figure 6 as the anode failure probability and the compressive stress strength ratios of the electrolyte and the cathode are found to be higher at RT than that at OT. As shown in Figure 6a , the anode failure probability increase with the increased cathode layer thickness. For the three cases of anode layer thickness, however, the anode is mechanically safe for all the cathode layer thicknesses examined. As shown in Figure 6b ,c, the compressive stress strength ratios of the electrolyte and the cathode tend to decrease with the increased cathode layer thickness. Besides, the compressive stress strength ratios are less than 1 for all the cases examined. The effects of the electrolyte layer thickness on the mechanical stability of SOFC components at RT are illustrated in Figure 7 . Due to the mismatch of the anode and electrolyte TECs, the electrolyte layer thickness has a strong influence on the anode failure probability. As shown in Figure 7a , the anode failure probability increases rapidly with the increased electrolyte layer thickness. The anode failure probability increases by 4-5 orders of magnitude when the electrolyte layer thickness increases from 5 µm to 50 µm. This is particularly critical when the anode is thin. For example, the failure probability for a 0.4 mm thick anode may reach a rather unsafe value of 2.1 × 10 −4 for a 50 µm thick electrolyte. Clearly, a relatively thin anode and a relatively thick electrolyte is an unfavorable combination from the mechanical stability point of view. Even though the electrolyte is expected to be much thinner than 50 µm in an anode-supported cell, a thickness of about 20 µm is common in practice. To be mechanically stable, it is preferable to have the anode thickness of more than 0.5 mm.
Concerning the compressive stress strength ratios of the electrolyte and the cathode, they tend to decrease with the increase of the electrolyte thickness, as shown in Figure 7b ,c. For all the cases examined, the compressive stress strength ratios are well below 1. Table 4 compares the anode failure probability and the compressive stress strength ratios of the electrolyte and cathode for the anode-, cathode-, and electrolyte-supported cell designs. The layer thicknesses and the electrode compositions are from the relevant experiments [31] [32] [33] . However, due to various theoretical and experimental uncertainties, the results in Table 4 are most meaningful for discussing the qualitative trends.
Effects of the Cell Support on the Mechanical Stability of SOFC
As shown in Table 4 , the anode failure probability is the lowest for the anode-supported cell, medium for the cathode-supported cell, and the highest for the electrolyte-supported cell. The trend concerning the compressive stress strength ratios of the electrolyte and the cathode is the opposite, however. The compressive stress strength ratio is the highest for the anode-supported cell, medium for the cathode-supported cell, and the lowest for the electrolyte-supported cell. Nevertheless, the compressive stress strength ratios are all below 1, i.e., within the mechanically stable zone. The anode failure probability, however, may be higher than the criterion of 1 × 10 −6 for the electrolyte-supported cell. That is, the electrolyte-supported cell may be only marginally mechanical safe. Considering both the ohmic polarization and the mechanical stability together, the anode-supported cell is clearly more favorable than the electrolyte-supported design. 
Summary
A structural mechanics model is described and used for the analysis of the mechanical behavior of pSOFC. The mechanical properties necessary for the structural mechanics analysis are determined by a theoretical model that links the properties with the compositions of materials. The property model is shown to be valid by comparing with the available experimental data. The structural mechanics analysis shows that the anode suffers mainly tensile stress, while the electrolyte and the cathode suffer mainly compressive stress. Consequently, the anode mechanical stability is analyzed with the Weibull failure probability model, while the mechanical stabilities of the electrolyte and cathode are characterized by the compressive stress strength ratios.
The effects of the anode and cathode compositions, the thicknesses of the anode, cathode and electrolyte layers, and the cell types of anode-, cathode-, and electrolyte-supported designs on the mechanical stability of SOFC components are examined systematically. The main conclusions are (i) the SOFC components are generally mechanically safe when a reasonable Ni volume fraction is used in the anode if, as shown experimentally, the Ni-YSZ anode at 1073 K is the stress-free state.
(ii) An LSM volume fraction of over 40% is required to maintain the mechanical integrity of the cathode. An LSM volume fraction in the range of 45-55% is recommended by considering both the mechanical stability and the electrochemical performance of the LSM-YSZ cathode. (iii) For an anode-supported cell, the anode mechanical stability increases with the increased anode thickness and the reduced electrolyte thickness. For a 20 µm-thick electrolyte, the anode thickness should be more than 0.5 mm.
(iv) The failure probabilities for the anode-, cathode-, and electrolyte-supported cells are the lowest, medium, and highest, respectively. The anode-supported cell design is favorable considering both the mechanical stability and electrochemical performance.
